The anomalous magnetic moment of the electron is determined experimentally with an accuracy of 2.8 × 10 −13 and the uncertainty may decrease by an order of magnitude in the future. While the current data is in excellent agreement with the standard model, the possible future improvement in the error in ∆a e = a 
Introduction
The anomalous magnetic moment of the electron a e = (g−2)/2 is one of most accurately determined quantities experimentally. Thus the most recent determination of it gives the value [1] a exp e = 115 965 218 07.3 (2.8) × 10 −13 .
In the standard model the contribution to the magnetic moment of the electron arises from several sources so that (for a review see [2] ) 
where a qed e involves purely QED loop corrections [3, 4, 5] , a EW e [6] contains the electroweak corrections involving the W and Z loops, and a had e contains the hadronic corrections [7, 8] . Recently, it has been emphasized [9] that in comparison of the theory prediction and experiment one must use in the theory prediction the value of α obtained in independent experiment rather than by equating a SM e (α) = a exp e . Thus the analysis of [9] uses a determination of α given by 133 Cs data [10] and by 87 Rb data [11, 12, 13, 14] (for a review see [15] ) α ( 133 Cs) = 1/137.036 000 0 (11)
α ( 87 Rb) = 1/137.035 999 049 (90)
Using the above the analysis of [9] estimates a SM e = 115 965 218 17.8 (0.6)(0.4)(0.2)(7.6) × 10 −13 .
where the numbers in the parentheses are as follows: (0.6) refers to the uncertainty in the four loop QED coefficient, (0.4) refers to the uncertainty in the five loop QED co-efficient, (0.2) is the error in the hadronic contribution, and (7.6) arises from the error in the determination of α in 87 Rb. Combining the errors in quadratures one finds [9] that the uncertainty δ∆a e , where ∆a e = (a exp e − a SM e ), is given by δ∆a e = 8.1 × 10 −13 (6) Very recently contributions of the positronium to a e have been computed [16, 17] . The contribution is computed to be a P e = 1.32(α/π) 5 as is of the same order of α as the five -loop perturbative QED contribution. Numerically the contribution is a P e = 0.89 × 10 −13 . Thus inclusion of this result would not have a significant effect on the constraint of Eq. (6) . We look now at the implications of Eq. (6) in view of the current status of the anomalous magnetic moment of the muon. Thus the Brookhaven experiment indicates a ∼ 3.5σ deviation from the standard model prediction, i.e., one has for ∆a µ the result [18, 19] ∆a µ = (287 ± 80) × 10 −11 (7) Scaling the result of Eq. (7) to the case of the electron by using the naive scaling factor of m 2 e /m 2 µ one gets a correction of size (0.6 ± 0.2) × 10 −13 which is an order of magnitude smaller than the result of Eq. (6) . The above discussion indicates that if there are new physics effects larger than those given by naive scaling, they would be susceptible to discovery with modest improvements in the error δ∆a e .
In this work we carry out a detailed analysis of corrections to the anomalous magnetic moment of the electron in extensions of MSSM with a vector multiplet (For a non-supersymmetric analysis see also [20, 9] ). The analysis will include contributions from the W and Z boson loops, as well as corrections from charginos, sneutrinos and mirror sneutrinos, from neutralinos and sleptons and mirror sleptons. It will be shown that the new physics corrections here can be far in excess of those implied by scaling and are of a size that could be detectable in modest improvement in δ∆a e . We also investigate the dependence of the anomalous magnetic moment of the electron on CP phases arising from the supersymmetric contributions from the exchange of the vectorlike multiplet. In previous analyses within MSSM the supersymmetric correction to the anomalous magnetic moment of the muon was found to be sensitive to CP phases in a significant way [21] and we could have similar large CP dependent effects for ∆a e (EW) in the analysis based on the MSSM extension.
The outline of the rest of the paper is as follows: In Section 2 we discuss the MSSM extension with a vectorlike multiplet. Here we define the notation labeling the extra vectorlike particles,
give their transformation properties under the SM gauge group and give the superpotential for the extended model. The D terms and the soft terms allowed in the model are discussed. In Section 3 the interactions of leptons-sneutrinos (mirror sneutrinos)-charginos in the mass diagonal basis are given. These interactions are used in the computation of the left diagram of Fig. 1 . In Section 4 the interactions of leptons-sleptons (mirror sleptons)-neutralinos in the mass diagonal basis are given.
These interactions are used in the computation of the right diagram of Fig. 1 . In Section 5 the interactions of the W and Z bosons that are needed in the computation of the loop diagram of Fig. 2 are discussed. In Section 6 an analytic analysis is given of the neutralino exchange contributions using the interactions of Section 3 and chargino exchange contribution using the interaction of Section 4. Here an analytic analysis is also given of the exchange contributions of the W and Z bosons using the interactions of Fig. 2 . A detailed numerical analysis is given in Section 7 for the electroweak contribution contribution to the electron anomalous magnetic moment in the model.
Here the dependence of electroweak contribution to the anomalous magnetic moment of the electron on supersymmetric CP phases is also investigated. It is shown that modest improvements in the current errors in ∆a e can begin to probe the possible new physics contributions. Further, a relative comparison of the electroweak contributions to the anomalous magnetic moments of e, µ, τ is also
given. Conclusions are given in Section 8. Further details on the mass matrices for the sleptons and mirror sleptons are given in Section 9.
MSSM Extension with a vector leptonic multiplet
Vector like multiplets arise in a variety of unified models [22] some of which could be low lying.
They have been used recently in a variety of analyses [23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33] .
In the analysis below we will assume an extended MSSM with just one leptonic vector mulitplet.
The addition of a vector multiplet keeps the model anomaly free. Before proceeding further we define the notation and give a very brief description of the extended model and a more detailed description can be found in the previous works mentioned above. Thus the extended MSSM has contains a vectorlike multiplet with the transformations under
where the last entry on the right hand side column is the value of the hypercharge Y defined so that Q = T 3 + Y . These leptons have V − A interactions. We can now add a vectorlike multiplet where we have a fourth family of leptons with V − A interactions whose transformations can be gotten from Eq. (8) by letting i run from 1-4. A vectorlike lepton multiplet also has mirrors and so we consider these mirror leptons which have V + A interactions. Its quantum numbers are given
Interesting new physics arises when we allow mixings of the vectorlike generation with the three ordinary generations. Thus the superpotential of the model allowing for the mixings among the three ordinary generations and the vectorlike generation is given by
whereˆimplies superfields,ψ L stands forψ 3L ,ψ µL stands forψ 2L andψ eL stands forψ 1L . The mass terms for the neutrinos, mirror neutrinos, leptons and mirror leptons arise from the term
where ψ and A stand for generic two-component fermion and scalar fields. After spontaneous breaking of the electroweak symmetry, (
, we have the following set of mass terms written in the 4-component spinor notation so that
where the basis vectors in which the mass matrix is written is given bȳ
and the mass matrix M f is given by
The mass matrix is not hermitian and thus one needs bi-unitary transformations to diagonalize it.
We define the bi-unitary transformation so that
Under the bi-unitary transformations the basis vectors transform so that
In Eq. (15) ψ 1 , ψ 2 , ψ 3 , ψ 4 are the mass eigenstates for the neutrinos, where in the limit of no mixing we identify ψ 1 as the light tau neutrino, ψ 2 as the heavier mass eigen state, ψ 3 as the muon neutrino and ψ 4 as the electron neutrino. A similar analysis goes to the lepton mass matrix M where
Next we consider the mixing of the charged sleptons and the charged mirror sleptons. The mass squared matrix of the slepton -mirror slepton comes from three sources: the F term, the D term of the potential and the soft susy breaking terms. Using the superpotential of Eq. (10) the mass terms arising from it after the breaking of the electroweak symmetry are given by the Lagrangian
where L F is deduced from Eq. (10) and is given in the Appendix, while the L D is given by
For L soft we assume the following form
Interactions of leptons, scalar neutrinos and charginos
In this section we discuss the interactions in the mass diagonal basis involving charged leptons, sneutrinos and charginos. Thus we have
such that
Interactions of leptons, sleptons and neutralinos
In this section we discuss the interactions in the mass diagonal basis involving charged leptons, sleptons and neutralinos. Thus we have
where
and
and where
Here X are defined by
where X diagonalizes the neutralino mass matrix, i.e.,
Interaction of leptons and mirrors with W and Z bosons
In addition to the computation of the supersymmetric loop diagrams, we compute the contributions arising from the exchange of the W and Z bosons and the leptons and the mirror leptons in the loops. The relevant interactions needed are given below. For the W boson exchange the interactions that enter are given by
For the Z boson exchange the interactions that enter are given by
where x = sin 2 θ W .
An analytical computation of the anomalous magnetic moment
Using the interactions given in Section 3 the chargino contribution arises from the left diagram of where the form factors F 3 and F 4 are given by
Using the interactions given in Section 4 the neutralino contribution arises from the right diagram of Fig. 1 . It is given by
where the form factors are
The anomalous magnetic moments are known to exhibit a sharp dependence on the CP phases [21, 34] . The dependence of a e on CP phases will be exhibited in the numerical analysis to follow.
The contributions to the lepton magnetic moment from the W and Z exchange arise from the diagrams of Fig. 2 . Using the interactions given in Section 5 the contribution arising from the W exchange diagram (the left diagram of Fig. 2 ) is given by Figure 2 : The W loop (the left diagram) involving the exchange of sequential and vectorlike neutrinos ψ i and the Z loop (the right diagram) involving the exchange of sequential and vectorlike charged leptons τ β that contribute to the magnetic moment of the charged lepton τ α .
where the form factors are given by
Using the interactions given in Section 5 the contribution arising from theZ exchange diagram (the right diagram of Fig. 2 ) is given by
We now show that the standard model result [35] can be gotten in the limit when the off diagonal elements in the neutrino and lepton mass matrices are set to zero. The W boson contribution is obtained in this case where the couplings are C W Liα = g √ 2 for i = α and zero othewise and C W Riα = 0. In this limit, the form factor F W (0) = 
where α = 3 for the case of muon and α = 4 for the case of electron.
To recover the Z boson contribution in the standard model limit we set
for the case of α = β and are set to zero otherwise. The form factors in this limit are given by
and G Z (0) = 8. In this case one finds for the Z contribution, the well known Standard Model result
Numerical analysis and results
In this section we present a detailed numerical analysis of the effect of the extra vectorlike generation on the magnetic moment of the electron. We will also study the effects of CP phases on the electron magnetic moment. The analysis is done under the Brookhaven constraint on the anomalous magnetic moment of the muon, i.e., the constraint of Eq.(7). In Table 1 (i) and case (ii) indicate a very significant increase for case (ii) overall. The last row gives the total electroweak contribution to the anomalous magnetic moment which is sum of the four contributions in rows 1-4. It is seen that the total contribution for case (ii) is 7.3 times larger than for case (i).
exchanges given by Eqs. (57) and (59). The total ∆a e (EW) is shown in the bottom row and in this case it is ∼ 9×10 −14 . Case (ii) in Table 1 is when we include mixings between the vector generation and the sequential generations. Here the f -couplings listed above assume non-zero values as shown in the table caption, indicating mixing between generations. The rows exhibit the supersymmetric exchange contribution and the standard model contribution in same order as for case (i). The analysis shows that the total contribution from the electro-weak sector increases by a factor of over 7 in the case when the mixing of the standard model generations with the vector multiplet is taken into account. The total electroweak correction in this case is ∆a e (EW) = 6.5 × 10 −13 which lies just below the error corridor of Eq.(6). It is known that the supersymmetric electroweak correction to the anomalous magnetic moment is sensitive to CP phases. This was demonstrated for the case of the supersymmetric electroweak contributions to the anomalous magnetic moment of the muon in [21] . Here we exhibit this sensitivity for the case of the electroweak contributions to the electron anomalous magnetic moment.
Thus Figure 3 displays the total electroweak contribution to the anomalous magnetic moment of the electron as a function of θ µ which is the phase of µ that appears in the chargino and neutralino mass matrices and in the slepton and sneutrino mass 2 matrices. Over the interval [−π, π], the electroweak correction to the anomalous magnetic moment of the electron shows a pronounced peak for a value of θ µ = 0.3 rad. For the three sets of values considered, the peak values stretch from ∼ 3.7 − 6.9 × 10 −13 . It should be noted that the variation in a e comes from the supersymmetric sector, and mainly from the chargino contribution. This is so because the neutralino contribution is relatively small, typically an order of magnitude smaller than the chargino exchange contribution.
Because of this the variation of a e with CP phases is dominated by the chargino contributions. We note also that the W and Z contributions are not affected by the phases. 
A e in the slepton mass 2 matrix (see Appendix). As can be seen from Fig. 4 the variation is very substantial with ∆a e (EW) varying in the range ∼ 7 × 10 −14 − 6 × 10 −13 which is an order of magnitude variation. As for the case of Fig. 3 the source of variation is the chargino exchange contribution once again. This is so because the chargino exchange diagram contains the sneutrino mass matrix in the loop which has a strong Aν 0 dependence. vs θ 1 , which is the phase of m 1 , over the range [−π, π] . It seen that the variation is smooth in all cases as expected. However, the size of variation in each case is small as can be seen, for example, by comparing the range of variation in panel (a) in Fig. 6 with the range of variation in Fig. 3 .
The reason for this smallness is easily understood. Thus the parameter m 1 enters in the neutralino mass matrix and as discussed earlier the contribution from the neutralino exchange diagram to the electroweak contribution to the anomalous magnetic moment of the electron is relatively small which explains the relative smallness of the variation of ∆a e (EW) with θ 1 . Similar results hold for the variation of ∆a µ (EW) and ∆a τ (EW) with θ 1 . Regarding a τ we note that the standard model predicts [36] 
The current experimental result is [37] 
while the analysis of [38] constraints the range of new physics so that
where ∆a NP τ refers to the new physics contribution. Future experiments [39] in high luminosity B factories are likely to significantly improve the limits in Eq.(62). However, it is unlikely that the improvements in the measurement of the tau anomalous magnetic moment at the level needed to check on the contributions of panel ( c) in Fig. 6 can be achieved in experiment in the very near future. Thus, a e gives the best hope for the test of new physics. 
, θ f 5 = 0.5 and θ f 5 = 0.7. All masses are in GeV and phases in rad.
Conclusion
The magnetic moment of the electron is one of the most precisely determined quantities in physics with an error in a 9 Appendix: Further details on the scalar mass squared matrices
In this Appendix we give further details of the structure of the slepton mass matrices. The mass terms arising from the superpotential are given by
where L mass C gives the mass terms for the charged leptons while L mass N gives the mass terms for the
For L mass
We define the scalar mass squared matrix
. We label the matrix elements of these as (M 2 τ ) ij = M 2 ij where the elements of the matrix are given by arise from soft breaking in the sectorẼ L ,Ẽ R . The other terms arise from mixing between the staus, smuons and the mirrors. We assume that all the masses are of the electroweak size so all the terms enter in the mass squared matrix. We diagonalize this hermitian mass squared matrix by the unitary trans-
). For a further clarification of the notation see [32] .
The mass 2 matrix in the sneutrino sector has a similar structure. In the basis (ν τ L ,Ñ L , ν τ R ,Ñ R ,ν µL ,ν µR ,ν eL ,ν eR ), we can write the sneutrino mass 2 matrix in the form (M 
